Quadruped animals switch gait patterns with speed for energy-effective movement. This is similar to the phenomenon that excited natural vibration modes switch with vibration frequency in a multi-degree-of-freedom system. Therefore, in this paper, it is assumed that quadruped animals move by using the natural vibration of their own musculoskeletal systems. In the simplest rigid-body-link model consisting of one body and four legs, there are natural vibration modes similar to the gait patterns (trot, pace, and gallop) of quadruped animals. However, all the natural frequencies in the model exist near the natural frequency of the free leg and are accordingly different from the walking frequencies of actual quadruped animals. When a scapula and a pelvis are added to the rigid-body-link model on the basis of observations of quadruped motion, the natural frequency of the gallop mode used at high speed increases greatly and approaches the walking frequency. If the body characteristics of a horse are applied to the rigid-body-link model with leg joints, the natural vibration modes of the model are close to the gait patterns of the horse．
Introduction
Quadruped animals switch gait patterns, which are cyclic patterns of leg movements, as their speed changes. A horse, for example, has four natural gait patterns-walk, trot, canter, and gallop-in increasing order of speed (1) . The first sequential photographs of the gait patterns of horses were taken by Muybridge at the end of the 19th century. Since then, many detailed observations and classifications of gait patterns of quadruped motion have been done (2) . Nevertheless, the relationship between gait patterns and forward speed (hereinafter, speed) has not been clarified enough. Minimum-movement-cost theory is the best theory for explaining the relationship between gait patterns and speed. Hoyt and Taylor observed the relationship between oxygen consumption and speed in horses and concluded that each gait pattern has a speed at which the energy consumption is minimized. According to this theory, quadruped animals switch gait patterns to minimize the energy consumption at a given speed. In addition, it is known that the walking frequency increases when the speed becomes high in actual cases of animal motion (2) . Therefore, the gait patterns switched with the walking frequency to minimize the energy consumption. This phenomenon is similar to the excitation of natural vibration in a multi-degree-of-freedom (MDOF) system. This paper describes the relationship between the gait patterns of quadruped motion and the natural vibration modes of a musculoskeletal system by using a rigid-body-link model. First, it is confirmed that there are natural vibration modes similar to the gait patterns (trot, pace, and gallop) of quadruped animals in the simplest rigid-body-link model consisting of one body and four legs. Next, a scapula and a pelvis are added to the rigid-body-link model on the basis of observations of actual quadruped motion: the motions of the scapula and pelvis in the trot used at medium speed are different from those in the gallop used at high speed. Finally, the physical characteristics of horses are applied to the rigid-body-link model with the leg joints and the validity of the rigid-body-link model is then examined.
Motion of quadruped animals

Gait patterns
The gait patterns actually used by quadrupeds are limited for a particular kind of animal. It is considered that gait patterns are selected depending on the body characteristics of the animal, such as leg length, body mass, and skeletal structure. The gait patterns and footfall sequences of a horse are shown in Fig. 1 (1) . The trot is a gait in which a left leg and a right leg move in the opposite phase, and a fore-leg and a hind-leg also move in the opposite phase. The pace, however, is a gait in which a fore-leg and a hind-leg move in the same phase, and left and right legs move in the opposite phase. The gallop is a gait in which a left leg and a right leg move in the same phase, and fore-legs and hind-legs move in the opposite phase.
Energy consumption and speed
The relationship between the energy consumption and speed of horses examined by Hoyt et al. is shown in Fig. 2 (3) . The horizontal axis denotes the speed, and the vertical axis (1) .
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Vol. 2, No. 6, 2008 denotes the energy consumption per 1 m moved. The curve of the walk and that of the trot intersect at a speed of 1.7 m/s. Therefore, the walk is an efficient gait for speeds of less than 1.7 m/s, and the trot is efficient above 1.7 m/s. Similarly, the trot and gallop curves intersect at 4.6 m/s. Therefore, the gallop is efficient above 4.6 m/s. Each gait pattern has a speed at which the energy consumption is minimized.
Speed and walking frequency
The walking frequency increases with the speed according to observations of quadruped animals. The gait patterns used by a horse and a cheetah and the speed and walking frequency of each gait pattern are listed in Table 1 . These numerical values were derived from a motion analysis of video movies (4) , (5) . The gait pattern for high speed has a high walking frequency, as seen in Table 1 . For both the horse and cheetah, the walking frequency of the gallop is about three times that of the walk.
Gait patterns and natural vibration of musculoskeletal systems
It can be considered that Fig. 2 shows the relationship between energy consumption and walking frequency because the forward speed is related to the walking frequency. From this consideration, Fig. 2 is similar to the vibration characteristics of an MDOF system, in which the horizontal axis is excitation frequency and the vertical axis is excitation force necessary to obtain unit amplitude. The motion of quadruped animals is similar to the vibration of an MDOF system from the viewpoint that the desired amplitude is obtained by a small excitation force near the natural frequencies and that the excited natural vibration mode changes with the excitation frequency. Therefore, the gait pattern is the motion affected by the natural vibration mode of the musculoskeletal system, near the walking frequency. This inference can explain the phenomenon that quadruped animals switch their gait patterns unconsciously as the walking frequency changes for energy-effective movement. 
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Similarity between gait patterns and natural vibration modes
In this section, the rigid-body-link model, which has a simple structure modeled after the actual musculoskeletal system of a quadruped animal, is used to calculate the natural vibrations and their similarity to gait patterns are then examined. First, the simplest rigid-body-link model consisting of one body and four legs is used. Next, a scapula and a pelvis are added to the rigid-body-link model and their influence on the natural vibration is examined.
Rigid-body-link model consisting of one body and four legs
The simplest rigid-body-link model consisting of one body and four legs (Type I) is shown in Fig. 3 . This model was developed to examine the influence of legs on the natural vibration of the musculoskeletal system. The shoulder, back, and waist are connected rigidly and become one body. To simplify the analysis, the mass of each link was set to 1 kg and the length to 0.37 m, making the natural frequency of a pendulum equal to 1 Hz. The closed circle • in Fig. 3 denotes a revolute joint having one degree of freedom around the horizontal axis (Z axis). The natural vibration of this model was analyzed for the condition of a free boundary, where it was hanging with a soft and long spring (length: 20 m, spring coefficient: 0.001 N/m). In this paper, the influence that the contact of the legs and ground gave to the up and down motion and the pitching motion of the body was disregarded.
The results of a linear eigenvalue analysis of model Type I are shown in Fig. 4 . There are four natural vibration modes besides the six rigid body modes. The 1st natural vibration mode looks like the trot, the 2nd mode looks like the gallop, and the 3rd mode looks like the 
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Vol. 2, No. 6, 2008 pace. The 4th mode looks like the hop, which is a gait pattern in which all legs move in the same phase, jumping up and down like a bird or a kangaroo. The natural frequencies in Fig. 4 are compared below. The natural frequency of the trot used at medium speed agrees with that of the gallop used at high speed. And the natural frequency of the pace used at medium speed is higher than that of the gallop used at high speed. In the simplest rigid-body-link model Type I consisting of one body and four legs, there are natural vibration modes similar to the gait patterns (trot, pace, and gallop) of quadruped animals. However, all the natural frequencies in the model exist near the natural frequency of the free leg: 1 Hz.
Motion of parts other than legs
To match the natural vibration of the rigid-body-link model with actual gait patterns, the necessary parts for a detail modeling were added to the model on the basis of our observations of the quadruped walk of a horse. The scapula and the pelvis moved differently in the trot and in the gallop. Stick pictures of the scapula and pelvis motions in the swing phase are shown in Fig. 5 . The scapula and pelvis showed little motion in the trot, but large motion in the gallop. These observations demonstrate that the scapula and pelvis have a large influence on the natural vibration of the musculoskeletal system.
Influence of shoulder and waist motion around the vertical axis
To examine the influence that the motion of the shoulder and the waist have on the natural vibration of the musculoskeletal systems, we added a scapula and pelvis to the rigid-body-link model Type I. The influence of motion around the vertical axis (Y axis) and horizontal axis (Z axis) were examined separately.
As shown in Fig. 6 , the rigid-body-link model (Type II) has revolute joints around the Y axis at the shoulder and waist of the model Type I. The closed triangle ▲ in Fig. 6 denotes Fig. 7 . There are six natural vibration modes besides the six rigid body modes. Two natural vibration modes look like the trot, two look like the pace, one looks like the gallop, and one looks like the hop. In the lower trot mode, a leg moves in the same phase as the shoulder or waist. This is similar to the trot of actual quadruped animals. On the other hand, in the higher trot mode, a leg moves in the opposite phase with the shoulder or waist. Therefore, the lower trot mode corresponds to the actual trot. Similarly, the lower pace mode corresponds to the actual pace. As seen in Fig. 7 , the natural frequencies of model Type II increase in order of trot, pace, and gallop, similar to the order for actual animals.
The natural frequency of the trot is lower than that of the pace. The upper part of Fig. 8 shows the motion of the shoulder, back, and waist of model Type II. In the trot mode, the shoulder and waist move in the opposite phase, and the back does not move. In the pace mode, the shoulder and waist move in the same phase, and the back moves in the opposite phase. The lower part of Fig. 8 shows the motion of a 3DOF mass-spring system. The 
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The natural frequencies of the trot and pace are lower than that of the gallop. The natural frequency of the gallop mode agrees with that of the pendulum motion of a free leg: 1 Hz. In the gallop mode, as seen in Fig. 9(a) , the shoulder, back, and waist do not move, and the node position is at the upper end of the free leg. This is why the natural frequency of the gallop mode agrees with that of the free leg. On the other hand, in the trot and pace modes, as seen in Figs. 9(b) and (c) , the upper end of the free leg moves in the longitudinal direction, and node position is above the upper end of the free leg. Consequently, the natural frequencies of the trot and pace modes are lower than that of the gallop mode.
Influence of shoulder and waist motion around the horizontal axis
As shown in Fig. 10 , the rigid-body-link model (Type III) has a scapula link and a pelvis link at the shoulder and waist of model Type II. The closed circle • at the upper end of each of these links in Fig. 10 denotes a revolute joint having one degree of freedom around the Z axis.
The results of a linear eigenvalue analysis of model Type III are shown in Fig. 11 . There are two natural vibration modes, which look like the gallop seen in Figs. 11(c) and (d). In the lower gallop mode, legs move in the same phase with the shoulder or waist. On the other hand, in the higher gallop mode, legs move in the opposite phase with the shoulder or waist. The natural frequency of the higher mode is much higher than that of the free leg (1 Hz). This tendency is similar to the gallop of actual quadruped animals. Therefore, the higher gallop mode corresponds to the actual gallop.
Next, we consider the influence that the shoulder and waist motions around the Z axis have on the natural vibration of model Type III. The motions of the scapula and pelvis in the trot and gallop modes are shown in Fig. 12 . As seen in Fig. 12(a) , in the trot mode that has opposite phase motion for the left and right sides, the reactions produced by leg motions counterbalance each other in the longitudinal direction; therefore, the scapula and pelvis do not move. At this time, the node position is above the upper end of the free leg, so the natural frequency of the trot mode becomes lower than that of the free leg. On the other hand, in the gallop mode with the same phase motion for the left and right sides, the scapula and pelvis have rotational motion around the Z axis. At this time, the natural frequency of the higher gallop mode seen in Fig. 12(b) corresponds to that of a double pendulum 2nd mode and is higher than that of the trot mode. Consequently, the rotational motion of the scapula and pelvis in the gallop mode, as seen in Section 3.2, achieves energy-effective motion at high frequencies.
Verification of the rigid-body-link model
The validity of the rigid-body-link model used in this paper was verified by comparing the natural vibration modes of the rigid-body-link model that represents the body characteristics of a horse with the gait patterns of an actual horse.
Body characteristics of a horse
The mean values for six Dutch Warmbloods weighing between 470 and 620 kg were used as the horse body characteristics (6) . The body of the horse can be considered to consist 
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Vol. 2, No. 6, 2008 of several segments (trunk, scapula, fore-legs, and hind-legs), as shown in Fig. 13 . The center of gravity, mass, and moment of inertia of these segments are given to the rigid-body-link model (horse), as shown in Fig. 14 . The fore-leg is composed of three segments (brachium, antebrachium, and metacarpus and digit) and two joints (articulatio cubiti and carpal joint). The hind-leg is assumed to have the same structure as the fore-leg to simplify the modeling.
Need to add joints to legs
The influence of the articulatio cubiti and carpal joint on the natural vibration of the rigid-body-link model was examined. First, the articulatio cubiti and the carpal joint were fixed, and the leg was then treated as one link (same as model Type III). The change in the natural frequency when the rotational spring constant at the shoulder and waist were changed is shown in Fig. 15(a) . The solid line denotes the natural frequency of the rigid-link model, and the broken line denotes the walking frequency of an actual horse. The natural frequency in both the trot and gallop were considerably lower than the walking frequencies of an actual horse. A high natural frequency cannot be achieved when the two joints are fixed.
Next, the articulatio cubiti and carpal joint were free. There are 16 natural vibration modes in the model. The natural vibration modes similar to the trot are shown in Fig. 16 , and those similar to the gallop are shown in Fig. 17 . Each leg in the model can be considered to be a four-link pendulum including the motion of the shoulder and waist. Therefore, there are four natural vibration modes similar to the trot and four modes similar to the gallop. A high natural frequency can be achieved when two joints are free. 
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Comparison with an actual horse
We examined whether there is a natural frequency close to the walking frequency of the actual horse in the four trot and four gallop modes. The natural frequencies of the 2nd trot mode and 4th gallop mode had values close to the walking frequencies of the actual horse, as seen in Fig. 15(b) . Next, these two natural vibration modes (2nd trot and 4th gallop modes) were compared with the gait patterns of the actual horse. The motions of the scapula and fore-leg in the trot are shown in Fig. 18(a) , and those in the gallop are shown in Fig.  18(b) . In the trot of the actual horse, the metacarpus and the digit move in opposite phase with the scapula, brachium, and antebrachium. This motion is similar to the 2nd trot mode in Fig. 16(b) . In the gallop, all joints bend and the motion is similar to the 4th gallop mode in Fig. 17(d) . 
Conclusion
The relationship between the gait patterns of quadruped walk and the natural vibration modes of a musculoskeletal system were examined. The following results were obtained by comparing the natural vibration of the rigid-body-link model with the gait patterns of actual animals.
(1) There are natural vibration modes similar to the gait patterns (trot, pace, and gallop) of quadruped animals in the simplest rigid-body-link model consisting of one body and four legs. (2) The natural frequency of the gallop mode used at a high speed increases when the scapula and pelvis are added to the rigid-body-link model. (3) The natural frequencies of the natural vibration modes similar to the gait patterns increase when joints are added to the legs.
